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The gastrointestinal exposome represents the integration of all xenobiotic components and host-derived endoge-
nous components affecting the host health, disease progression and ultimately clinical outcomes during the lifespan. 
The human gut microbiome as a dynamic exposome of commensalism continuously interacts with other exogenous 
exposome as well as host sentineling components including the immune and neuroendocrine circuit. The composi-
tion and diversity of the microbiome are established on the basis of the luminal environment (physical, chemical 
and biological exposome) and host surveillance at each part of the gastrointestinal lining. Whereas the chemical 
exposome derived from nutrients and other xenobiotics can influence the dynamics of microbiome community (the 
stability, diversity, or resilience), the microbiomes reciprocally alter the bioavailability and activities of the chemical 
exposome in the mucosa. In particular, xenobiotic metabolites by the gut microbial enzymes can be either beneficial 
or detrimental to the host health although xenobiotics can alter the composition and diversity of the gut microbiome. 
The integration of the mucosal crosstalk in the exposome determines the fate of microbiome community and host 
response to the etiologic factors of disease. Therefore, the network between microbiome and other mucosal ex-
posome would provide new insights into the clinical intervention against the mucosal or systemic disorders via regu-
lation of the gut-associated immunological, metabolic, or neuroendocrine system. 
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INTRODUCTION

Total human cells in the body (1013) are out-
numbered by bacterial cells as the human micro-

biome (1014). This dominant player with the endoge-
nous host factors can be influenced by foodborne 
factors including dietary components, infective 
agents and xenobiotic including drugs and toxins, 
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linked to diverse pathophysiological events includ-
ing inflammation, carcinogenesis, metabolic syn-
dromes, and neurological outcomes. The gastro-
intestinal mucosa shows typical microbiological and 
environmental features. From the proximal to the 
distal part of intestine, the oxygen levels are dramat-
ically decreased, resulting in the dominancy of anae-
robic microbes in the colon. Moreover, facultative 
players such as Bacterodetes burn out oxygen, at-
tenuating the detrimental actions of oxygen species 
against the obligate anaerobes including commensal 
Clostria. There are two critical points for acidic envi-
ronment in the human gut. One is the gastric cell-de-
rived production of acids as a disinfectant, leading 
the drop in pH, but the pancreatic bicarbonate at-
tenuate the acidity and the subsequent luminal fluid 
get more basic from the duodenum. The next drop in 
pH of the intestinal lumen is facilitated by out-
growing of fermentative microbes from the cecum, 
releasing out acidic organic metabolites such as short 
chain fatty acids (SCFAs). In response to oxygen ten-
sion and acidity, the composition of microbes can be 
differentially regulated at each segment of the gut 
lining. Along the dynamic features of fluid acidity 
and oxygen content in the gut lumen, nutritional 
components also affect the gut microbial diversity 
and stability via their acute and chronic actions. 
Since the simple sugars released form the carbohy-
drate degradation are easily consumed by the mi-
crobes in the proximal part of the gut, the lower lin-
ing of the gut are in short of the simple sugars and 
the remaining complex carbohydrates are utilized by 
fermenting anaerobes which dominate in the colon. 
Since the small intestinal lumen is generally more 
acidic environment with higher levels of oxygen, bile 
salts, and antimicrobial peptides than the colon lu-
men, simple sugar-favoring facultative anaerobes 
such as phyla Firmicutes (segmented filamentous 
bacteria [SFB] and Lactobacillaceae) and Proteobac-
teria (Enterobacteriaceae and Helicobacter spp.) can 
dominate in this proximal intestine. In contrast, the 
colon nutritional environment is favored by poly-
saccharide-utilizing anaerobes such as phyla Bacte-
roidetes, Actinobacteria (Bifidobacteriaceae), and 

Firmicutes (Clostridia). 
Moreover, nutrients and mucosal microbiomes are 

crucial modulators of gut sentinels including the 
mucosal immune systems and the intestinal neuro-
endocrine circuit. Foodborne factors can influence 
the composition and diversity of gut microorga-
nisms, all of which impacts the immune and neuro-
endocrine responses in the gut via the various types 
of cytokines, hormones, and other messenger 
molecules. Moreover, the gastrointestinal immune 
sentineling signals are intimately linked with the 
neuroendocrine sentineling systems. Many of meta-
bolic, inflammatory, and oncogenic disorders are 
due to the disruption of the two sentineling systems 
against nutrients and microbial community in the 
gut. The present review will address the features and 
networks of the gastrointestinal mucosal exposome 
to provide insights into the future intervention 
against mucosal diseases and mucosa-associated 
systemic diseases. 

FEATURES OF STABILITY, DIVERSITY, 
FUNCTIONAL REDUNDANCY, AND 
RESILIENCE OF GUT MICROBIOME IN 
RESPONSE TO MUCOSAL EXPOSOME

The gastrointestinal exposome represents the in-
tegral of gut luminal exposure to both exogenous 
and endogenous factors in the host during the whole 
lifespan. From the birth, humans receive series of 
microbial population which collectively forms eco-
system of human microbiome and sometimes can be 
disturbed by both internal and external factors. The 
host interaction with microbiome is not a static, but 
rather dynamic with time. These mucosal dis-
turbance may be stabilized, but which means the 
ecosystem reached the stable equilibrium states and 
any future stochastic disturbances can produce an-
other stable state with dynamic changes in the 
community. The stable human microbiome can be 
classified into three enterotypes based on the stable 
distinct host–microbial nutritional symbiotic states 
characterized by a relatively high representation of 
Bacteroides, Prevotella or Ruminococcus [1,2]. Using 
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these enterotypes, microbiome-based nutritional or 
drug metabolism can be estimated and clinically use-
ful to prevent idiosyncratic hypersensitivity to food 
and drugs, and metabolic activation-induced tox-
icity [3]. Moreover, nutritional recommendation 
could be individually selected based on personal en-
terotypes to control the metabolism-linked disorders 
such as hypercholesterolemia, diabetes and obesity 
[4].

In response to dietary mucosal exposome, resil-
ience of microbiome can be developed. The degree of 
resilience is the amount of stress or perturbation that 
a system can tolerate the changes to a different equi-
librium stable state [5]. The species diversity is cru-
cial for maintaining conferring resilience since spe-
cies-rich communities containing microorganisms 
efficiently utilizing the limiting resources are less 
susceptible to invasion by different species speci-
alized to potentially use the limiting resource. In ad-
dition, functional diversity is also important to keep 
the microbiome resilience. Human gut-adapted bac-
teria are prone to show functional redundancy even 
though they are phylogenetically disparate [6]. For 
instance, in response to an X component, a pre-
viously rare X-metabolizing microbe can be abun-
dant to replace the niche that had been dominated by 
a microorganism with higher aversion to X, which 
indicates the community keeps the stable condition 
with high resilience although phylogenetically typi-
cal groups are missing in response to some stressors. 

The representative xenobiotic components in the 
mucosal exposome include drugs, nutrients and oth-
er adverse factors such as foodborne pathogens, bio-
logical toxins and other synthetic contaminants. The 
gastrointestinal exposome is the integration of the 
external components with all mucosal microbiome 
which function in both the gut physiology and path-
ology during the entire lifespan [7,8]. The homeo-
static mucosal network would contribute to the sta-
ble equilibrium of the microbiome and host integrity. 
For instance, a high-fat diet (HFD) can change the 
dominancy and diversity of the intestinal micro-
biota, sometimes independent of status of host 
disease. HFD reduces the proportion of phylum 

Bacteroidetes and increases the proportions of phy-
lum Proteobacteria [9]; whereas high-fiber contain-
ing food, such as important non-digestible plant car-
bohydrates, increases the proportion of Firmicutes 
bacteria [10]. In addition to the nutritional regu-
lation, host-derived defense molecules can de-
termine the characteristic microbiome profile. For 
example, some of gut microbes can utilize mucosal 
mucins and a microbial preference for the complex 
glycan of mucin can promote the growth of a number 
of mucin-degrading bacteria, which may facilitate 
microbial translocation to lamina propria and circu-
latory system [11]. The mucosal exposome-associated 
mucosal disruption can result in various types of hu-
man diseases and the following sections will address 
the mucosal exposome-disrupted or –promoted hu-
man health, based on dynamic gastrointestinal in-
teractions between food components, the gut micro-
biota, and host responses. The crosstalk occurring in 
the microbiome-linked gastrointestinal exposome 
would provide new insight into disease progression 
and its intervention. Various types of mucosal dis-
eases are associated with the impaired tolerance to 
gut commensal bacteria [12,13]. For example, pa-
tients with inflammatory bowel disease (IBD) are 
likely to have abnormal changes in gut microbial 
composition (dysbiosis). Technically through the au-
tomated ribosomal intergenic spacer analysis, termi-
nal restriction fragment length polymorphisms, and 
denaturing gradient gel electrophoresis, the in-
testinal microbial diversity in IBD patients may be 
decreased [14,15]. In addition to the diversity, the 
richness index of the gut bacterial species is also re-
duced in the IBD patients. As a potent etiological fac-
tor of chronic colitis including IBD, exposure to ribo-
some-inactivating foodborne toxins (ribotoxins) 
such as trichothecene mycotoxins, ricin and shiga 
toxins has been known to cause severe intestinal in-
flammatory disorders [16]. Although the gut mi-
crobes can alter the binding and toxicity of the ribo-
toxins [17,18], the ribotoxins reciprocally can in-
crease the intestinal composition of aerobic bacteria 
including aerobic mesophilic bacteria and the rich-
ness of gut microbiome in the animal model [19,20], 
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which is a similar pattern of microbial dysbiosis in 
gut of IBD patients. 

GUT MICROBIOME-INDUCED META-
BOLITES AND THEIR ACTIONS

Gut microbiota can interact with the chemical ex-
posome in four ways. As described in the previous 
section, the chemical exposome can alter the compo-
sition, diversity and their biological activity of the 
gut microbiota. In particular, some of chemical 
xenobiotics can interfere with the metabolic activity 
of the microbiota-derived drug metabolism. Recipro-
cally, the gut microbiota can metabolize a variety of 
chemical xenobiotics directly upon ingestion in the 
gastrointestinal lumen or after the conjugated me-
tabolites via enterohepatic circulation. Most of 
non-polar xenobiotics would be easily absorbed from 
the gut lumen and then transported to the liver for 
detoxification via the portal vein. The hepatic meta-
bolic enzymes tends to oxidize the absorbed chem-
ical xenobiotics, or catalyze the conjugation reactions 
with endogenous functional groups including glu-
curonic acid, sulfate, or glutathione. The hepatic me-
tabolites can circulate or can be excreted in the bile 
and re-enter the intestinal lumen where the gut mi-
crobiota-mediated metabolism of the hepatic metab-
olites can take place. Some of gut microbiota pro-
duces extensive pools of enzymes including cyto-
chrome p450 (CYP), catalyzing oxidative metabo-
lism of foodborne components and oral medicines 
[21]. For instance, intestinal Eubacterium aerofaciens, 
Desulfomonas pigra, and Streptomyces coelicolor A3 iso-
lated from human feces have CYP-like enzymes 
[22,23]. However, most xenobiotic metabolisms by 
gut microbiota have the preferences to the de-con-
jugation and reduction of the hepatic xenobiotic me-
tabolites, ultimately producing non-polar metabo-
lites of lower molecular weight, which are readily re-
absorbed from the gut barrier into the circulation. 
Therefore, microbiota-mediated de-conjugation of 
hepatic conjugated metabolites may lead to re-
generation of the original chemical xenobiotics or 
new metabolites with either higher or lower toxicity. 

In the following sections, microbiota-mediated 
xenobiotic metabolism will be associated with mod-
ulation of gastrointestinal health or disorders such 
as inflammatory and oncogenic outcomes in the mu-
cosa and circulation. 

Short chain fatty acids 
Dietary fibers are fermented into health-promot-

ing components such as SCFAs by gut microbiota. 
Soluble elements of dietary fibers, such as pectin, 
gum, and mucilages, can be degraded into bioactive 
SCFAs, which are saturated aliphatic organic acids 
consisting of one to six carbons. Acetate (C2), propi-
onate (C3), and butyrate (C4) are the most prevalent 
forms in the colon with a ratio of 60:20:20 (%) 
[24,25]. Most of SCFAs (95%) produced in the cecum 
and large intestine are readily absorbed by the gut 
epithelia [24]. In particular, the proximal colon is the 
principal site for the conversion of indigestible fibers 
to SCFAs by phylum Bacteroidetes such as buty-
rate-producing Bacteroides spp. [24] and thus the 
distal parts of the colon with increase of pH are domi-
nated by populations of acetate- and propionate-pro-
ducing Bacteroides-related spp. [26]. However, fer-
mentation of bacterial proteins and amino acids still 
occurs in the more distal parts of the colon by the 
support of the secondary proteolytic fermenters, se-
creting potentially toxic metabolites such as amines, 
phenolic compounds, and volatile sulfur compounds 
[26]. Biochemically, SCFA can partially inhibit his-
tone deacetylase (HDAC), which increases immuno-
logical tolerance and anti-inflammatory and anti-can-
cer responses [27-29]. Bacterial metabolite-sensing 
G protein coupled receptors (GPCRs) also play regu-
latory functions in gastrointestinal inflammation 
and metabolic syndromes by changing leptin pro-
duction, adiposity, and insulin secretion [30]. In par-
ticular, SCFAs induce peptide secretion via GPCR ac-
tivation on entero-endocrine cells (EECs), suggest-
ing that the gut microbiota-neuronal axis can modu-
late some of GPCR-linked functions such as nutrient 
sensing and energy balance [31]. Moreover, pre-
biotic application alters the production of the gut mi-
crobial SCFA, resulting in gut peptide secretion from 
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EEC and subsequent host eating behavior [32]. For 
instance, prebiotics increase the abundance of Bifido-
bacterium and Lactobacillus, as well as microbiota pro-
files skewing EEC differentiation and subsequently 
gut peptide production, ultimately increasing satiety 
response and decreasing energy intake, fat mass, 
and body weight. All of the information suggests the 
crucial regulation of food intake and maintenance of 
energy metabolism by microbiota and their metabo-
lites including SCFAs [33-35].

Gut microbial metabolites as ligands for aryl 
hydrocarbon receptor 

In addition to some flavonoids and indoles from 
plant-derived foodstuffs such as cruciferous vegeta-
bles, gut microbial metabolites such as pigment phe-
nazins, nephtoquinon phthlocol, and dihydrox-
ynaphthoic acid can activate aryl hydrocarbon re-
ceptor (AhR), a crucial nuclear receptor modulating 
expression of many genes that control immunity and 
inflammation [36]. Moreover, diet-derived trypto-
phan is metabolized by the microbiota (e.g., Lactoba-
cilli) to indole-3-aldehyde, an AhR agonist. Intestinal 
indoleamine 2,3-dioxygenase can catalyze the con-
version of tryptophan to kynurenine, another AhR li-
gand [37]. This AhR modulation by gut bacterial me-
tabolites could be a co-evolutionary strategy be-
tween gut commensal bacteria and host immune 
system since ligand-activated AhR is closely involved 
in mucosal immune tolerance, leading to shaping of 
the microbial community through the actions of reg-
ulatory T cells and interleukin 22, which facilitate 
the host protection against excessive inflammation 
and microbial infection [38]. However, chronic AhR 
activation is not always beneficial since it can allows 
transformed tumor cells to evade from the im-
mune-mediated attack, particularly at late stages of 
tumorigenesis [39,40]. Moreover, tryptophan me-
tabolites, such as kynurenic acid and niacin, also in-
teract with certain GPCRs as SCFAs do [30]. 
Bacterial metabolite-sensing GPCRs can be also in-
volved in the regulatory action against gastro-
intestinal inflammation and metabolic syndromes. 
Taken together, microbiota metabolite-linked GPCRs, 

HDACs, or AhR could be promising targets of clinical 
intervention against many mucosal inflammatory, 
metabolic or oncogenic diseases. 

Gut microbiota-derived detrimental metabo-
lites

By contrast with the beneficial effects, gut micro-
biota-mediated metabolism of chemical xenobiotics 
could result in harmful complications. For instance, 
gut microbial metabolism of the dietary phosphati-
dylcholine (PC), such as choline, lecithin, trimethyl-
amine (TMA) N-oxide, and betaine, pose potent risk 
of causing cardiovascular diseases [41,42]. In addi-
tion to the PC, diet-derived L-carnitine can be metab-
olized into TMA by the gut microbiota [43]. TMA is 
further converted into TMA N-oxide (TMAO) by 
hepatic flavin monooxygenase or gut microbial 
enzymes. Along with TMA, TMAO is also an etio-
logical factor of cardiovascular inflammatory dis-
orders [36,41]. Mechanistically, treatment with TMA 
or TMAO increase the activated macrophage and en-
dothelial injuries in the blood vessel. 

Endogenous components can be transformed into 
detrimental metabolites by gut microbiota. For ex-
ample, intestinal bacteria can convert the primary 
bile acids into the secondary bile acid metabolites 
such as deoxycholic acid and lithocholic acid which 
cause oxidative and nitrosative stress, resulting in 
genetic damages of enterocytes and gut inflammatory 
lesions including high levels of flat adenoma lesions 
and hyperplasia of Peyer’s patches. Frequent and 
chronic mucosal exposure to the secondary bile acids 
thus can increase the genomic instability, chemo-
resistance and tumor progression [44,45]. 

CONCLUSION

The composition and diversity of the microbiome 
are specified, depending on the mucosal exposome 
and host sentineling systems. The chemical ex-
posome derived from nutrients and other xeno-
biotics may alter the microbiome community in 
terms of the stability, diversity, or functional redun-
dancy. Reciprocally, the gut microbiomes provides 
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Fig. 1. Schematic networks 
of gastrointestinal niche. Mu-
cosal xenobiotics are converted 
into beneficial or harmful me-
tabolites by both host cells 
and gut microbes, which recip-
rocally influces the microbial 
community and host cell in-
tegrity. Gut microbes are con-
tinuously interplaying with 
the host sentinels such as 
immune and neuroendocrine 
systems.

critical sources for xenobiotic metabolism of the 
chemical exposome in the mucosa and hepatic me-
tabolites from the enterohepatic circulation. Of note, 
xenobiotic metabolites by the gut microbial enzymes 
can be either beneficial or detrimental to the host 
health. Total integration of the crosstalk in the mu-
cosal exposome would determines the fate of micro-
biome community and host response to the xeno-
biotics via regulation of the sentineling systems in-
cluding immune and neuroendocrine tissues (Fig. 
1). As the clinical implications, the disease progress 
can be assessed by reading out the mucosal bio-
markers from the network between exposome and 
host. Moreover, the preventive or therapeutic inter-
vention against the mucosal or systemic disorders 
may be performed by targeting at the crosstalk be-
tween microbiome and other mucosal exposome un-
der the host sentineling system. 
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